Pregnancy is a physiological state that involves a significant decrease in uterine vascular tone and an increase in uterine blood flow, which is mediated in part by steroid hormones, including estrogen, progesterone, and cortisol. Previous studies have demonstrated the involvement of these hormones in the regulation of uterine artery contractility through signaling pathways specific to the endothelium and the vascular smooth muscle. Alterations in endothelial nitric oxide synthase expression and activity, nitric oxide production, and expression of enzymes involved in PGI 2 production contribute to the uterine artery endothelium-specific responses. Steroid hormones also have an effect on calcium-activated potassium channel activity, PKC signaling pathway and myogenic tone, and alterations in pharmacomechanical coupling in the uterine artery smooth muscle. This review addresses current understanding of the molecular mechanisms by which steroid hormones including estrogen, progesterone, and cortisol modulate uterine artery contractility to alter uterine blood flow during pregnancy with an emphasis on the pregnant ewe model.
protein expression of key enzymes and mediators. In essence, pregnancy is a collective event of molecular, physiological, and anatomical adaptations that contribute to the final functional response of elevated uterine blood flow.The process of vasodilation, which is the focus of this review, is a critical event that involves signaling pathways at the level of both the endothelium and the vascular smooth muscle (VSM) within the uterine artery. This review will focus on the literature related to steroid hormone-mediated adaptations at the level of the endothelium and the VSM within the uterine artery of pregnant ewes.
STEROID HORMONES AND UTERINE BLOOD FLOW IN PREGNANCY
During the course of gestation, uterine blood flow (UBF) increases more than 40-fold and occurs in 3 distinct stages. 1 In sheep, the first trimester involves an increase in the microvascular volume as well as vasodilation of the uterine artery to create an environment most suitable for embryo implantation. Once implantation is complete, angiogenesis and further remodeling of the uterine vascular bed ensues. During the third trimester, there is an observable exponential rise in UBF, which is established by the increase in maternal uterine artery vasodilation. The significance of this elevation in UBF is the increased nutrient and substrate delivery through the uterine artery P regnancy is a physiological state encompassing a vast array of mechanisms to promote nutritional sufficiency for the developing fetus. It is also a state that involves significant hormone-mediated adjustments, mainly mediated by those of estrogen and progesterone, which are elevated during this period.These sex steroids play a significant role in causing molecular, physiological, and anatomical adjustments within the uterus to create an environment most advantageous for fetal growth. During the process of angiogenesis, structural changes encompass expansion of volume and the outgrowth of newly formed arterioles, which function to increase vascular surface area. Physiological changes may involve adjustments in vascular reactivity, which, in turn, affects the susceptibility of the artery to the vasoconstrictive or vasodilatory effects to various agonists circulating within the uterine artery. A discussion of such changes typical of normal pregnancy cannot be made without an in-depth analysis of molecular events, including alterations in gene and that acts as a direct conduit from the mother to the placenta. Numerous studies have focused on the sex steroid-related mechanisms by which the uterine artery vasodilation occurs. Estrogen and progesterone are significant in facilitating this adaptation, and although not as widely studied, there is also increasing evidence supporting the view that cortisol may play a role in association with the ovarian sex steroids to regulate UBF.
ESTROGEN

Estrogen-Mediated UBF
Effect of estrogen on systemic and uterine blood flow. UBF fluctuates along with changes in the steroid profile over the course of the estrous cycle and pregnancy. During the follicular phase of the estrous cycle, which is characterized by an increased estrogen-to-progesterone ratio, UBF is increased. During the subsequent luteal phase, which is characterized by high progesterone and low estrogen, UBF is decreased. 2, 3 Alternatively, during pregnancy, which is characterized by high progesterone and estrogen, UBF is consistently shown to rise. 4 Because UBF patterns change along with the steroid hormone profile, various studies are focused on the pathways by which these vascular responses are induced. Estradiol-17β (E2β) is a potent vasodilator that has been used to assess ovarian steroid hormone effects on hemodynamic parameters. Previous studies in ovariectomized nonpregnant ewes have shown that systemic E2β infusion alters cardiovascular parameters by increasing heart rate and cardiac output and decreasing systemic vascular resistance. 5 Systemic infusion of E2β also increases UBF; however, local infusion increases UBF without altering systemic parameters, which suggests that uterine response to estrogen is mediated locally and is independent of systemic effects. 5 Most in vivo studies to date focused primarily on acute and nongenomic effects of estrogen on relaxation of the uterine artery, observed at the concentrations substantially higher than physiological concentrations. [5] [6] [7] [8] [9] [10] The genomic action of physiologically relevant concentrations of the steroid hormone on uterine artery contractility and myogenic tone and their adaptation to pregnancy remain poorly understood. Nevertheless, the differences between pharmacological and physiological responses of UBF to estrogen have been recognized. 11 Role of estrogen receptor (ER) signaling in UBF. Much of the current literature is supporting the involvement of steroid receptors in modulating vasculature to control blood flow. First, it has been established that ERs are present in both the endothelial and the VSM of the uterine artery. 12, 13 At the molecular level, the predominant biological effects of estrogen are exerted by ERs (ERα and ERβ) that belong to the steroid hormone superfamily of nuclear receptors. 1 To date, ER subtypes described include ERα and ERβ, which mediate estrogenic effects in target tissues. 1 Once bound to the hormone, these receptors act as transcription factors that bind to specific sites on DNA to regulate gene expression. 1 This results in an increase or decrease in mRNA transcripts depending on the tissue being examined. This phenomenon is described as the genomic response and may take hours to days for the initial effect to be seen, which is in contrast to the nongenomic response wherein the effect is immediate but often shorter in duration. It is known that these receptors are present in multiple tissues and species, including human and sheep uterine arteries, but the functional response triggered by these receptors is more difficult to establish. [13] [14] [15] There is a growing body of evidence to suggest that increased UBF is an ER-mediated process. 16, 17 First, different estrogens including E2β, estrone, and estriol have been shown to elicit the same pattern and efficacy of estrogen-medicated elevation in UBF. 6, 7, 16, 18 Second, Lineweaver-Burk plots illustrated that catechol estrogens and estradiol had common y intercepts, which suggests that they bind to the same receptors. 16, 19 Third, sheep treated with the pure ER antagonist ICI 182780 demonstrated a decrease in the E2β-induced elevation of UBF as a result of the induced blockade of ERs. 16 These observations demonstrate that ERs are, at minimum, partially responsible for estrogen-mediated increase in UBF.The presence of ERs in both endothelial and VSM cells of the uterine artery suggests that both cell types are potential targets for elevated estrogen during pregnancy. 13
Estrogen-Mediated Uterine Artery Endothelial Adaptations to Pregnancy
Trends in eNOS expression during estrogen exposure. Numerous studies in the past have implicated nitric oxide (NO) as one of the main mediators in the endotheliumdependent pathway for estrogen-induced uterine vasodilation. 9, 10, 20 Observations showed that inhibition of NO synthase (NOS) attenuated the estrogen-induced increase in UBF by 60% to 70%. 9, 10 The endothelial nitric oxide synthase (eNOS) that is located in the uterine artery endothelium is partially responsible for the vasodilatory effects during late gestation. 3, 21 The trend in eNOS expression appears to be associated with the trend in estrogen levels. For instance, eNOS protein expression in the uterine artery endothelium is increased during periods of estrogen-dominated states, including normal pregnancy and the follicular phase of the ovarian cycle. 21 Alternatively, eNOS protein and mRNA levels are lowest in ovariectomized animals and during the luteal phase, which is characterized by low estrogen levels. 21 These findings do not prove that estrogen alone is directly responsible for eNOS levels and activity but is suggestive of the association between increased estrogen and eNOS expression.
Mechanisms of eNOS activation. Mechanisms accounting for the elevation in eNOS activity during pregnancy have been proposed. 4 Initially, it was thought that the regulation of eNOS involves changes in protein expression or increased cytosolic calcium concentrations ([Ca 2+ ] i ), which, in turn, promotes calcium-activated calmodulin binding. 22 However, eNOS can also form NO through [Ca 2+ ] i -insensitive pathways as presented by previous studies that demonstrated the activation of eNOS in the presence of basal [Ca 2+ ] i but absence of elevated [Ca 2+ ] i . 4, [23] [24] [25] [26] [27] It has also been shown that there are kinases that function independently of Ca 2+ to target several phosphorylation sites on eNOS. 4, [28] [29] [30] This, in turn, either mediates the activation of eNOS or causes an increase in the eNOS sensitivity to fluctuations in cytosolic [Ca 2+ ] i . 4, [28] [29] [30] Although investigators have managed to identify the phosphorylation sites of several key eNOS amino acid residues that are potential sites of regulation, it has been shown that changes in phosphorylation of these residues is not a sufficient predictor of activity in pregnant uterine artery endothelial cells. 22 It is suggested that the reasoning behind this is that the activity of eNOS involves a multiplicity of effects that interact with one another including phosphorylation, influence of Ca 2+ , cofactors, and subcellular location. 22 Role of ER-dependent signaling in NO production. There is evidence to show that ER stimulation is an event that is associated with eNOS expression during pregnancy in the uterine artery. 31, 32 Previous studies with E2β and the membrane-impermeable E2β-bovine serum albumin conjugate showed that the activation of either the plasma membrane or cytosolic ER was sufficient to induce eNOS expression. 32 This suggests that the immediate, acute vasodilatory effects of estrogen mediated by plasma membrane ER stimulation and the long-term, genomicmediated mechanisms mediated by cytosolic ER, which has transcriptional factor activity, are both involved. Additional mechanistic studies have also shown that eNOS activation is blocked by treatment with specific ER antagonists, blocked by inhibition of tyrosine kinases or mitogen-activated protein kinase, and unaffected by actinomycin D. 31 It is evident that the estrogen-induced rise in NO production in the uterine artery endothelium is at least, in part, mediated by mitogen-activated protein kinase signaling and ER-dependent mechanisms. 32 It is established that eNOS possesses multiple phosphorylation sites for kinases including ERK2/1, which can either stimulate or inhibit eNOS activity depending on the endothelial cell type. [31] [32] [33] [34] [35] In the case of cultured uterine artery endothelial cells, the effect of ERK2/1 has been shown to be stimulatory. 28, 32 E2β caused ERK2/1 activation in a time-dependent and dose-dependent manner, which, in turn, increased NO production in cultured uterine artery endothelial cells. 32 On the inhibition of the ERK pathway by PD98059, however, the E2β-mediated eNOS activation and NO production were prevented. 32 Although eNOS is also shown to possess phosphorylation sites for the Akt kinase, the inhibition of Akt activation by pretreatment with LY294004 does not inhibit estrogen-mediated NO production. 32, 36, 37 It appears that ERK2/1 signaling, but not Akt, is involved in estrogeninduced activation of eNOS and NO production in uterine artery endothelial cells. 32 Role of tissue-specific factors in the responsiveness to estrogen. eNOS is not exclusive to the uterine artery but can also be found in nonreproductive tissues. However, not all of these tissues have eNOS whose expression is altered by estrogen and progesterone. The eNOS abundance changes during sex steroid treatment in the uterine artery; however, no alterations are reported for the omental, renal, or mammary artery eNOS. 3 Consistent with these findings, estrogen is shown to increase blood flow in the uterine artery but has no effect on blood flow of the omental artery. 12 This suggests that the uterine artery possesses unique characteristics that set it apart from other arteries. One possible explanation may be related to the differences in receptor density and distribution in the target tissues.The levels of ERα and ERβ are documented to vary among different vascular beds and the relative ratio of these is critical for the overall biological response to estrogen. 13 Although ERs are present in the omental artery endothelium, their levels are not altered by the ovarian cycle, ovariectomy, or hormone replacement therapy. 12 The uterine artery, however, possesses ERα and ERβ, which are differentially regulated in response to sex steroids. 12 For instance, investigations in sheep studies have shown that exogenous estrogen, progesterone, or combination of these 2 steriods increases endothelial ERβ levels; however, only estrogen treatment, but not progesterone or their combination, increases ERα expression. 12 An in vitro study with cultured uterine artery endothelial cells has shown that estrogen treatment has no effect on ERα or ERβ mRNA but caused the downregulation of their associated proteins. 38 The suggested hypothesis is that estrogen activates the proteasomal pathway to mediate the degradation of ER. 38 This is evidenced by studies showing that the use of the irreversible proteasome inhibitor, lactacystin, is sufficient to block ERα and ERβ degradation. 38 Insulin, which is a known reversible inhibitor of protein degradation, inhibits degradation for the ERα subtype but not for the ERβ subtype. 39 The selective action of insulin may be attributed to a pathway that blocks ubiquitin ligase activity, which is specific for ERα but not for ERβ. 38 Further studies delineating the differences in regulation of the ER isoforms is required.
Role of caveolin-1 in the regulation of ER during estrogen exposure.
A mechanism of interest that accounts for the estrogen-mediated regulation of ER involves the sequestering effect of caveolin-1 at the plasma membrane. Caveolin-1 functions as a plasma membrane protein that sequesters eNOS to render it less active or inactive. 10, 40 It acts as an endogenous inhibitor of eNOS by binding to it, which results in the inactivation of this enzyme. Once caveolin-1 is dissociated from the complex, eNOS activity is restored and thereby NO production ensues. 41 Caveolin-1 has been shown to colocalize with ERα and eNOS to form a functional regulatory complex at the plasma membrane of uterine artery endothelial cells. 13, 42 Although ERβ is also present on the plasma membrane, its association with caveolin-1 remains unknown because previous attempts of detection by immunocytochemical analysis have been unsuccessful. 13, 42 An understanding of the significance of the individual roles of the ER isoforms is of interest for future studies.
Effect of pregnancy or steroid treatment in the regulation of ER isoforms. In cultured uterine artery endothelial cells isolated from pregnant ewes, ERα mRNA levels are shown to be significantly greater than that of ERβ mRNA levels, which strengthens the argument that the α variant plays a more important role in carrying out the effects of estrogen, at least for this particular type of cell. 13 In another study, however,Western analysis has shown that in intact sheep pregnancy is associated with the increase of only the β variant when compared with the luteal phase. 12 In ovariectomized vehicle sheep, only the ERβ variant, but not the ERα variant, is significantly reduced. Exogenous estrogen, progesterone, or combination of the 2 was sufficient to increase endothelial ERβ levels; however, only estrogen treatment, but not progesterone or their combination, increased ERα expression. 12 It is unclear which of the 2 isoforms is more significant with regard to estrogen-mediated vasodilation of the uterine artery; however, these findings support the notion that ERα and ERβ are differentially regulated in response to ovarian sex steroids.
Estrogen-Mediated Uterine Artery Smooth Muscle Adaptation to Pregnancy
Role of VSM-dependent pathways in estrogen-mediated uterine artery vasodilation. Many studies have focused on the endothelium/NO-dependent pathway for the investigation of estrogen-induced uterine vasodilation. However, this only accounts for approximately 65% to 70% of uterine vasodilation, which implicates the involvement of alternative pathways that may be endothelium independent. 9, 13 Recently, estrogen has been shown to target the uterine artery VSM through various strategies that include the cyclic guanosine monophosphate (cGMP) pathway and activation of VSM potassium channels. 17 Rosenfeld et al 9 have reported several interesting findings regarding the cGMP pathway. E2β infusion is shown to increase cGMP secretion and UBF; however, inhibition of NOS with L-NAME decreased cGMP secretion by approximately 66%. 9 Although L-NAME was able to lower cGMP secretion in both pregnant and nonpregnant animals, UBF fell in the nonpregnant group but was unaffected in the pregnant group. 9 It is evident that the cGMP mechanism, although interesting and particularly applicable to nonpregnant UBF, is not the predominating strategy during pregnancy. With regard to the effects of NOS, NO production was previously thought to be an endothelium-specific mechanism but there is increasing support that NOS in the VSM also may be involved. Salhab et al 43 presented for the first time that nNOS is present in uterine vascular myocytes and that its expression is increased by long-term but not acute estrogen exposure. However, the individual contribution of this particular isoenzyme during pregnancy is still not known. It may be interesting to address the association between VSM ER-mediated signaling to the previously mentioned endothelium-independent pathways.The smooth muscle is a potential target for estrogen because both ER subtypes, α and β, have been found in uterine artery smooth muscle cells. 13 Treatment with the ER antagonist ICI 182780 has been shown to affect UBF but these studies are not informative of the individual contribution of VSM as opposed to the entire uterine artery as a whole. 16 It may be worthwhile to address ex vivo studies on the uterine artery to determine the functional effect of receptor antagonism with regard to the smooth muscle layer.
Calcium-activated K + channels modulate uterine artery VSM activity during estrogen exposure. In addition to the cGMP pathway, K + channels are also significant because of their ability to regulate basal arterial tone. 44 This is mediated by hyperpolarization of the smooth muscle membrane, which blocks Ca 2+ entry through voltage-gated channels to promote vasorelaxation of the artery. 44 In the VSM, there are several types of potassium channels expressed, which include voltage-dependent K + (K v ) channels, calcium-activated K + channels (K Ca ), ATP-sensitive K + channels (K ATP ), and inward rectifier K + (K ir ) channels. 45 Of these, the calcium-activated potassium channel, also known as the BK Ca channel, is most commonly studied in pregnancy. 44 In nonpregnant and pregnant ewes, selective blockade of BK Ca in the uterine artery is shown to attenuate E2β-induced rise in UBF. 44, 46 Infusion of tetraethylammonium (TEA) to induce a blockade of BK Ca channels caused a dose-dependent attenuation of E2βmediated vasodilation, which is similar to the effect of L-NAME infusion alone. 9, 46 When TEA and L-NAME were infused together, there was complete inhibition of E2β-induced rise in UBF although the basal UBF is left intact. 46 This suggests that the 2 pathways may interact, but there still may be another mechanism involved. 17 The mechanism of action of E2β may involve direct binding to the b-subunit of the BK Ca channel or by an indirect pathway by which E2β binds to a receptor to trigger an enzymatic cascade that results in the activation of the channel downstream. 46, 47 Acute, nongenomic mechanisms may be involved because UBF is elevated immediately after TEA infusion is stopped. 46 Interestingly, although acute or daily E2β treatment has no effect on BK Ca density, daily treatment increases the β 1 -subunit in the proximal and distal uterine arterial VSM, which may alter the channel's responsiveness/sensitivity to estrogen. 48 Previous studies have shown that changes in the α:β1 stoichiometry alone without alterations in channel density affects the BK Ca channel's sensitivity to E 2 β. [47] [48] [49] Consistent with these findings, β1-subunit knockout models have demonstrated greater systemic pressor responses, including elevated vascular tone and hypertension. 43, 50, 51 This suggests that the elevation in β 1 -subunit mRNA and protein to increase channel responsiveness to E 2 β is a potential strategy for uterine artery vasorelaxation at the level of the VSM during pregnancy.
Role of alternative K + channels in the regulation of uterine artery contractility.With regard to other types of K + channels, the current literature suggests that inhibition of the lowconductance K ATP channel had no effect on baseline or E2β-mediated UBF. 17 It was also shown that inhibition of the K v channel did not affect local parameters, including the basal UBF or uterine vascular resistance at doses <1.0 mM, although the mean arterial pressure was elevated. 17 Of all the mentioned K + channels, BK Ca is the most well studied with respect to the vasorelaxatory mechanisms at the level of the smooth muscle in sheep. In gilts, the potential-sensitive channel (PSC) is an important target for estrogen.The endometrial tissue in gilts has been shown to convert E2β and estrone to 4-hydroxylated forms, which are then transported to the uterine arterial vasculature. 52 Once transported to the uterine artery, these estrogens bind and block perivacular α-adrenergic receptor activity, which reduces vasoconstriction. 2 In another study, it was also shown that the catechol estrogen 4-hydroxylated estradiol blocked Ca 2+ uptake through PSCs, thereby reducing uterine artery contractility. 52 The decreased Ca 2+ uptake through the PSCs reduces cellular PKC activity, thereby reducing uterine arterial tone. 53, 54 These studies suggest that the catechol estrogens are also important in regulating uterine artery contractility through smooth muscle-dependent mechanisms.
Role of estrogen in the regulation of uterine artery myogenic tone.
Myogenic activity is an intrinsic property of the VSM, in response to pressure or stretch. It is modulated by paracrine or endocrine substances but does not require the nerves or the endothelium to occur. The physiological importance of the myogenic response in the regulation of UBF in human pregnancy has been demonstrated in myometrial arteries in term pregnant women. 55, 56 Myogenic tone has been found either increased or decreased in pregnant uterine arteries in rats, mice, and rabbits. [57] [58] [59] Recent studies in sheep have demonstrated clearly that pressureinduced myogenic response is significantly decreased, and the distensibility of the uterine artery is increased in pregnant animals. 60 Similar findings have shown decreased pressureinduced myogenic tone of uterine, mesenteric, and renal arteries in pregnant mice and rats. 59, [61] [62] [63] Among other mechanisms, numerous studies have demonstrated an important role of PKC in regulating arterial myogenic response. [64] [65] [66] [67] [68] It has been demonstrated that PKC plays a key role in the regulation of myogenic tone of resistance-sized uterine arteries, and the reduced myogenic tone in the pregnant uterine artery is primarily mediated by a decrease in PKC signaling pathway. 60, 69, 70 Consistent with these findings, it has been shown that pregnancy is associated with attenuated arterial PKC activity. 53, 54, [71] [72] [73] In ovine uterine arteries, PKCmediated contractions were significantly depressed in pregnant animals. 70, 74 Recently, studies in an ex vivo tissue culture model system showed that chronic treatment (48 hours) of nonpregnant ovine uterine arteries with physiologically relevant concentrations of E2β (0.3-10 nM) significantly decreased the PKC-mediated contractions. 75 In contrast, acute treatment with the steroid hormone had no effect on the PKC-mediated contractions.The similar temporal response of the rise in UBF was demonstrated in ovary-intact ewes, showing the maximal increase of UBF at approximately 45 to 55 hours in animals treated physiologically with the steroid hormones. 11 In accordance with the genomic effects of the steroid hormone observed in the nonpregnant uterine arteries, treatment of the pregnant uterine arteries for 48 hours with the ER antagonist ICI 182780 significantly increased PKC-mediated contractions as well as pressure-induced myogenic tone and eliminated the difference of PKC-mediated myogenic contractions between nonpregnant and pregnant uterine arteries. 75, 76 Because myogenic tone plays an important role in the regulation of vascular resistance and blood flow to various organs, the decreased myogenic tone of the uterine artery is likely to contribute significantly to the adaptation of uterine vascular hemodynamics in pregnancy.
PROGESTERONE
Progesterone-Mediated UBF
Alterations in UBF during progesterone treatment. Previous studies have reported that estradiol and/or progesterone may be responsible for the regulation of UBF. 73 This is based on findings that an elevation in the estrogen-toprogesterone ratio, which is characteristic of the follicular phase of the estrous cycle, is an event that parallels elevations in UBF. 73 Alternatively, during the luteal phase, which is characterized by high plasma progesterone concentrations and low estrogen, UBF is restored to basal levels. 2 In nonpregnant sheep models, it appears that exogenous progesterone when administered alone has no vasodilatory effect on the uterine vascular bed but has an inhibitory effect when infused in combination with estrogen. [77] [78] [79] [80] With regard to the spatial distribution of UBF, it is shown that progesterone favors carnuncular flow whereas estradiol favors flow to the uterine cervix and myometrium. 77 Early in pregnancy, the caruncles receive about 27% of the total UBF but by late pregnancy this rises to 82%, which be may be because of progesterone. 81 In sheep, it is shown that estrogen triggers estrogen and progesterone receptor transcription and synthesis whereas progesterone downregulates both but the physiological consequence of this is unknown. 82 Many studies have examined the effect of estrogen with regard to the pregnant uterine artery but information available on progesterone is limited and often controversial, 2,83-93 possibly because of the relative difficulty of in vivo studies with prolonged treatment of a progesterone receptor antagonist in pregnant animals.The following will discuss the literature available on the signaling transduction pathways by which progesterone alters vascular reactivity of the uterine artery.
Progesterone-Mediated Uterine Endothelial Adaptations to Pregnancy
Effect of progesterone on NO production in uterine artery endothelium. Progesterone administration alone is sufficient to induce eNOS protein expression in the uterine artery endothelium; however, treatment in combination with estrogen or estrogen alone induces greater expression. 3, 41 Estrogen may have a greater effect with regard to eNOS expression than progesterone and there are several strategies that may account for this. Caveolin-1, which functions as an endogenous inhibitor of eNOS by mediating the sequestration of this enzyme at the plasma protein, has been shown to be differentially regulated in response to steroid treatments. 41 The data confirmed that estrogen and its combination with progesterone downregulated caveolin-1; however, progesterone alone was shown not to have an effect. 41 These findings suggest that the effect of estrogen on the regulation of eNOS expression is greater than that of progesterone; however, when systemic NO was measured, it was shown that the levels for these is higher during progesterone or combined progesterone and estrogen treatment as opposed to treatment with estrogen alone. 3 Systemic NO is not necessarily indicative of the local, uterine levels because these values are based on the total NO production from different vascular beds. It has been suggested that progesterone mediates stimulation of other isoforms of NOS including the iNOS in other organs/tissues. 3 Effect of progesterone on PGI 2 production in uterine artery endothelium. In addition to NO, the eicosanoid prostacyclin (PGI 2 ) is another important endothelium-derived vasodilator that is elevated during pregnancy. [94] [95] [96] There are several key enzymes responsible for PGI 2 production, which includes phospholipase A2 (PGI 2 ), cyclooxygenase 1 (COX-1), and prostacyclin synthetase (PGIS). 96 Alteration in the expression of these enzymes is a potential strategy by which ovarian sex steroids regulate vascular reactivity. It was demonstrated that E2β and progesterone treatment caused the rise in levels of cPLA2 and COX-1 in the uterine artery endothelium. 96 COX-1, which is a rate-limiting enzyme for PGI 2 synthesis, has been shown to be elevated during pregnancy and to a lesser degree during the follicular phase in the uterine artery endothelium. [96] [97] [98] COX-1 expression is blocked by the use of antiprogestins or the ER antagonist ICI 182780, which illustrates that sex steroids have an effect on COX-1 expression. 96, 99, 100 In the case of the PGI 2 synthetase in the uterine artery endothelium, expression is elevated by E2β treatment but was attenuated by the combination treatment. 96 These findings suggest that sex steroids have an effect on the expression of enzymes involved in PGI 2 production but the mechanisms remain to be determined. 96
Progesterone-Mediated Smooth Muscle Adaptations to Pregnancy
Role of progesterone in a1-adrenergic and PKC-mediated contractions in uterine artery. Ford 54 has previously shown several findings on the effects of progesterone at the level of the uterine arterial smooth muscle during pregnancy. UBF during pregnancy is a physiological state that involves 2 important calcium-mediated events: phasic contractility and tone. Phasic contractility, which is typically <10 minutes in duration, mediate short-term contractions through the activation of α1-adrenergic receptors triggering a series of downstream events that result in the increase of inositol 1,4,5-trisphosphate (Ins(1,4,5)P 3 ) followed by the release of intracellular calcium stores. Alternatively, tonic or long-term contractility involves activation of PKC-DAG complexes. 54 In the uterine artery, progesterone is reported to be the only sex steroid that directly regulates the a1-adrenergic/calmodulin system. 54, 101 Progesterone is thought to modulate phasic contractility by the increase of a1-adrenergic receptor numbers on the uterine arterial smooth muscle membranes. 54 In doing so, this sensitizes the uterine vasculature to the circulating adrenal catecholamines, resulting in an increased vasoconstrictive response. During the estrous cycle in gilts, it has been shown that there is a strong correlation between systemic progesterone concentrations, number of α1 receptors in the uterine artery, and in vitro contractile response to nerve stimulation. 52, 101 These findings are consistent with the observation that higher vasoconstrictive responses to phenylephrine (α1adrenergic receptor agonist) are measured in the luteal phase uterine arteries (high progesterone, low estrogen) than the estrous uterine arteries (high estrogen, low progesterone) as well as in pregnant uterine arteries when progesterone levels are high. 32, 52, 74, [102] [103] [104] [105] From the physiological perspective, during pregnancy, the uterine vasculature acts as a low-resistance shunt to accommodate the large increase in uteroplacental blood flow required for normal fetal development. In addition to increased endothelial NO synthesis/release, pregnancy is associated with a transient and reversible sympathetic denervation of the uterus and uterine artery, which is associated with a profound decrease in contractions of smooth muscle to electric field stimulation. 32, 106, 107 Although the decreased sympathetic innervation and the increased NO release maintain low uterine vascular tone in pregnancy, sympathetic denervation, as well as the action of progesterone, may sensitize the postsynaptic α1adrenergic pathway and increase the ability of nonsynaptic α1-adrenergic-mediated contractions in the uterine artery. This may be important for the mother to protect herself under stresses and allow a redistribution of blood by contracting the uterine artery to circulating catecholamines. Indeed, UBF was found significantly reduced under the stress of short-term exercise in pregnant women and sheep. 108 This may be achieved in part by enhanced intracellular Ca 2+ mobilization through activation of α1-adrenoceptors, resulting in activation of myosin light chain kinase and phosphorylation of MLC 20 . On the other hand, the significant decrease in PKCmediated sustained contractions contributes to maintaining low basal vascular tone of the uterine artery during pregnancy and helps maintain low vascular tone in response to increased blood flow through the uterine artery during pregnancy. It has been shown that progesterone plays a role in decreasing PKC-mediated contractions and myogenic tone of the uterine artery. 75, 76 
CORTISOL
Cortisol-Mediated UBF
During pregnancy in humans and sheep, maternal plasma cortisol levels are shown to approximately double, which has important implications for fetal development and growth. 109, 110 When maternal cortisol levels exceed or fall below the physiological limits, such as during moments of hypercorticism or hypocorticism, it is shown that incidences of fetal growth restriction, prematurity, and death are elevated. 111 Although it is shown that either extremes have the ability to exert similar biological responses, such as restricted growth rates, the mechanisms involved may be dissimilar. It is hypothesized that during periods of low maternal cortisol, the resulting impaired placental perfusion mediates the restrictions on fetal growth. 112 Alternatively, during periods of elevated cortisol, growth restrictions may be caused by factors such as alterations in fetal hormone levels, placental structure, or impaired growth factor function. 112 Effect of elevated maternal cortisol and increased UBF. There is increasing evidence to support an association between maternal plasma cortisol concentrations and UBF. 112 One such study in pregnant ewes at late gestation found that UBF was not elevated in the adrenalectomized lowcortisol group, whereas an elevation in UBF was observed in the control and high-cortisol groups. 112 In this study, from 120 to 130 days gestation, all the ewes in the intact control and high cortisol groups experienced increments in UBF whereas this increase was absent in the low-cortisol group: mean increase 470 ± 148 mL/min in the control group; 262 ± 95 mL/min in the high-cortisol group; and −26 ± 41 mL/min in the low-cortisol group. 112 Although this study does not indicate the mechanism for the change in UBF, it is supportive of the hypothesis that cortisol has a direct or indirect effect on uteroplacental perfusion. 112 
Mechanism of action of cortisol on uteroplacental perfusion.
Cortisol affects both systemic and local uterine parameters to regulate UBF.The systemic mechanism by which maternal cortisol regulates uteroplacental perfusion during late gestation involves adjustments in maternal plasma volume. 112, 113 It has been suggested that maternal adrenal secretion indirectly sustains fetal physiological parameters through adjustments in maternal plasma volume. 113 These adrenal secretions include cortisol and aldosterone, which are required to sustain maternal plasma volume, which, in turn, maintains fetal arterial pressure and fetal arterial oxygen tension within normal values. 112 One hypothesis suggests that lowered maternal blood volume causes the reduction in maternal cardiac output, which, in turn, causes a reduction in uterine perfusion. 112 Cortisol also exerts local effects at the uterine arterial vascular bed through mechanisms at the level of the endothelium and the VSM, as will be discussed in the later part of this review. 111, 112 
Cortisol-Mediated Uterine Endothelial Adaptations to Pregnancy
Effect of cortisol on eNOS expression. It is apparent that cortisol is necessary to sustain normal vasodilation in the uterine artery of pregnant sheep, but the mechanisms involved are still not well understood. It is reported that cortisol decreases eNOS protein expression in both pregnant and nonpregnant uterine artery endothelial scrapings although a greater decrease is seen in the nonpregnant group. 111 Consistent with the trend in eNOS protein expression, cortisol decreases NO release by about 74% in the nonpregnant uterine arteries and by 44% in pregnant uterine arteries. 111 These findings suggest pregnancy attenuates cortisol-mediated inhibition of eNOS expression. In another study, adrenalectomized ewes (low-cortisol group) demonstrated a reduction in eNOS expression, which was contrary to what the authors expected. 114 The authors reported that this may be because of poor perfusion rather than a direct effect of the corticosteroids on the endothelial cells. 114 Shear stress is a known physiological activator of eNOS expression and activity and is reduced during moments of lowered blood flow, which may account for the reduction in eNOS expression in the adrenalectomized animals, demonstrating a fluctuating pattern of blood pressure that involves periods of low or no flow. 114, 115 There is no evident consensus as to whether cortisol is stimulatory or inhibitory on eNOS expression; however, it is apparent that alterations in eNOS expression do occur and pregnancy will influence the effect of cortisol on endothelium-dependent pathways.
Cortisol-Mediated Uterine Smooth Muscle Adaptations to Pregnancy
It has been well documented that glucocorticoids are associated with increased arterial contraction and vascular response. By binding to its corresponding glucocorticoid receptors, these hormones have been shown to potentiate vasoactive responses to agents including angiotensin II and norepinephrine. 111, 116 Based on these observations, it may seem counterintuitive that cortisol is increased during pregnancy.There are numerous pregnancy-specific mechanisms involved in the desensitization of the uterine artery to the constriction-promoting effects of cortisol.
Mechanisms involved in the attenuation of cortisol-mediated potentiation of uterine artery contractility during pregnancy. In sheep models, cortisol potentiates norepinephrineinduced contractions in the uterine artery of nonpregnant animals but this response is attenuated in pregnant animals. 117 The difference in response between the pregnant and nonpregnant state is achieved by several key strategies that include variations in (a) ligand-receptor affinity, (b) 11-βHSD activity, and (c) α1-adrenoceptormediated pharmacomechanical coupling. 111, 117 Pregnancy does not alter glucocorticoid receptor density in the uterine artery. 111 The apparent dissociation constant (K A ) values for norepinephrine were lower in the pregnant (5.2 ± 2.0 μM) than nonpregnant (24.6 ± 6.5 μM). 111 With regard to 11-βHSD activity in the uterine artery, inhibition of the enzyme had no effect on norepinephrine-induced contractions in the absence or presence of cortisol in nonpregnant uterine arteries. 111 In pregnant animals, however, the use of the 11-βHSD inhibitor, carbenoxolone, potentiated norepinephrine-mediated contractions of uterine arteries in the absence of cortisol. 111 These findings support the hypothesis that increased 11-βHSD activity in uterine artery smooth muscle cells may be one of the mechanisms by which pregnancy attenuates norepinephrine-induced contractions in the uterine artery. Differences in pharmacomechanical coupling also account for the decreased sensitivity of the uterine artery to norepinephrine-induced contractions in the presence of cortisol during pregnancy. In the nonpregnant state, cortisol increases Ins(1,4,5)P 3 production for any given number of α1-adrenoceptors occupied. 117 In other words, cortisol improves the coupling of α1-adrenoceptors to Ins(1,4,5)P 3 synthesis. This may occur on many different levels including enhanced receptor coupling to Ins(1,4,5)P 3 synthesis, improvement in Ins(1,4,5)P 3 efficiency to Ca 2+ mobilization, and increased Ca 2+ sensitivity of contractile myofilaments. 117 During pregnancy, however, this increased coupling efficiency is not observed,which suggests that there is an unknown pregnancy-associated factor involved in preventing this. One possibility is that progesterone, which is elevated during pregnancy and is also reported to have antiglucocorticoid effects, may have bound to glucocorticoid receptors to block agonist-induced Ca 2+ sensitization of smooth muscle. 117 
CONCLUDING REMARKS
It is evident that estrogen, progesterone, and cortisol have an effect on local uterine blood flow through their activity at the level of the endothelium and the VSM in the uterine artery; however, the finer details of the pathways discussed remain unknown and are the subject of further study. Many animal studies, although very informative, are limited because of the difficulty in controlling for external factors that may affect the final response of the tissue being studied. Many of these studies also use sex steroid doses that may not be within physiological limits. On the other hand, many in vitro studies are also limited in terms of physiological relevance because treatment and laboratory conditions will have an effect on the tissue response. In this review, there was much discussion on the effect of sex steroids on nitric oxide production, nitric oxide synthases, potassium channels, sex steroid receptors, adrenoceptors, and alterations in pharmacomechanical coupling. However, this is not to say that these are the only strategies by which sex steroids promote increased uteroplacental perfusion during pregnancy because there are, in fact, many others that have not been discussed. Many previous studies have examined the nongenomic effects of the steroid hormones, which provide much insight on the immediate responses of the uterine artery. However, pregnancy is a gradual, long-term physiological condition that involves genomic pathways and alterations in gene expression, and studies on these are in progress. A thorough understanding of the differences, similarities, and how the genomic and nongenomic pathways interact may provide a better understanding of how sex steroids regulate uterine artery contractility during pregnancy.
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